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ABSTRACT
We review more than 10 yr of continuous monitoring of accreting X-ray pulsars with the all-sky Gamma-ray
Burst Monitor (GBM) aboard the Fermi Gamma-rRy Space Telescope. Our work includes data from the start of
GBM operations in 2008 August, through to 2019 November. Pulsations from 39 accreting pulsars are observed
over an energy range of 10 − 50keV by GBM. The GBM Accreting Pulsars Program (GAPP) performs data
reduction and analysis for each accreting pulsar and makes histories of the pulse frequency and pulsed flux
publicly available. We examine in detail the spin histories, outbursts, and torque behaviors of the persistent and
transient X-ray pulsars observed by GBM. The spin period evolution of each source is analyzed in the context of
disk-accretion and quasi-spherical settling accretion-driven torque models. Long-term pulse frequency histories
are also analyzed over the GBM mission lifetime and compared to those available from the previous Burst and
Transient Source Experiment (BATSE) all-sky monitoring mission, revealing previously unnoticed episodes in
some of the analyzed sources (such as a torque reversal in 2S 1845–024). We obtain new, or update known,
orbital solutions for three sources. Our results demonstrate the capabilities of GBM as an excellent instrument
for monitoring accreting X-ray pulsars and its important scientific contribution to this field.
Keywords: Neutron Stars — Accretion — Stellar accretion disks — X-ray transient sources
1. INTRODUCTION
Accreting X-ray Pulsars (XRPs) were discovered almost
50yr ago, when X-ray pulsation was detected from Cen X-3
and Her X-1 (Giacconi et al. 1971; Tananbaum et al. 1972),
and subsequently interpreted as a rotating, magnetized Neu-
tron Star (NS) accreting the stellar wind expelled by a donor
companion star (Pringle & Rees 1972; Davidson & Ostriker
1973; Lamb et al. 1973). For magnetized NSs, where the
magnetic field strength is B∼ 1012 G, the stellar wind flow is
disrupted by the magnetic pressure and channeled to the mag-
netic polar caps, the so-called “hotspots”. Here, the potential
energy is converted into X-ray radiation with a luminosity
Lacc of:
Lacc ≈ GMNS m˙RNS (1)
where MNS = 1.4M and RNS = 10km are the mass and ra-
dius, respectively, of a typical NS, and m˙ is the mass accre-
tion rate.
∗ NASA Postdoctoral Fellow
The study of an XRP system consisting of a magnetized,
accreting compact object and an optical companion is key
to understanding the behavior of matter under extreme con-
ditions and for probing the evolutionary paths of both the
binary system and its individual components. The NS rep-
resents the final stage of the evolutionary track of massive
stars as a supernova remnant, characterized by extreme den-
sities, high magnetic and gravitational fields, and a very small
moment of inertia. Therefore, knowledge is required from
multiple scientific disciplines in order to describe NSs in
an astrophysical context (i.e., accretion processes, plasma
physics, nuclear physics, electrodynamics, general relativity,
and quantum theory). Furthermore, the presence of a donor
companion makes these systems excellent laboratories for
the study of additional astrophysical processes, such as the
stellar wind environment, radiative effects, and matter trans-
fer. Finally, the presence of an orbiting XRP makes these
objects invaluable tools for the characterization of orbital el-
ements and component masses.
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2 THE GAPP TEAM
The Milky Way and the Magellanic Clouds contain ∼ 230
XRPs1. Recent reviews on XRPs and their observational
properties are given in Caballero & Wilms (2012), Walter
& Ferrigno (2016), Maitra (2017), Paul (2017). These sys-
tems have pulse periods that range from several ms to hours.
For approximately half of those systems, their X-ray activ-
ity has only been observed serendipitously during transient
episodes.
In this paper, we review more than 10 yr of observations of
XRPs with the Gamma-Ray Burst Monitor (GBM), an all-
sky, transient monitor aboard the Fermi observatory. The
wide field of view and high timing capability of GBM are
particularly suited to the continuous study of both transient
and persistent XRPs. As of 2019 November, GBM has de-
tected a total of 39 XRPs.
This paper is organized as follows. In Sect. 2 we briefly
review the accretion physics onto magnetized compact ob-
jects. In Sect. 3 we describe the GBM instrument and its data
handling. In Sect. 4 we describe the timing analysis applied
to the GBM raw data in order to obtain its data products. In
Sect. 5 we give an overview of the binary systems observed
by GBM and the type of X-ray activity that characterizes
those systems. In Sect. 6 we describe each XRP system, pro-
viding a summary of their spin history as seen previously by
other observatories and currently by GBM. Finally, in Sect. 7
we discuss the main results from the population study and
from single systems in the most interesting cases. We sum-
marize the importance of the GBM Pulsar Project in Sect. 8.
As the estimation of the spectral luminosity and measure-
ment of the distance from the sources are important aspects
of this work, we describe them separately in the Appen-
dices A and B, respectively.
2. ACCRETION PHYSICS ONTO MAGNETIZED
NEUTRON STARS
When accretion occurs onto a magnetized NS, the ac-
creted material does not flow smoothly onto the surface of the
compact object but is mediated by the NS’s magnetic field
(Pringle & Rees 1972). At a certain distance from the NS
surface, namely at the Alfvén radius rA, the energy density
of the magnetic field balances the kinetic energy density of
the infalling material:
rA =
(
µ4
2GMM˙2
)1/7
= 6.8×108 M˙−2/710 µ4/730 M−1/71.4 cm (2)
where M˙10 is the accreted mass in units of 10−10 M yr−1,
µ30 is the magnetic moment in units of 1030 G cm3 (corre-
sponding to a typical magnetic field strength of 1012 G at
1 http://www.iasfbo.inaf.it/~mauro/pulsar_list.html
the NS surface), and M1.4 is the mass of the NS in units of
1.4M. The material can then penetrate the NS magnetic
field via Rayleigh-Taylor and Kelvin-Helmholtz instabilities
and when accretion is mediated through an accretion disk
via magnetic field reconnection with small-scale fields in the
disk and turbulent diffusion (Arons & Lea 1976; Ghosh &
Lamb 1979a; Kulkarni & Romanova 2008, and references
therein). In a disk, the magnetic threading produces a broad
transition zone composed of two regions: a broad outer zone,
where the disk angular velocity is nearly Keplerian, and a
narrow inner zone or boundary layer, where the disk angular
velocity significantly departs from the Keplerian value. The
outer radius of the boundary layer is identified as the magne-
tospheric radius rm:
rm = k rA (3)
where the dimensionless parameter k, also called the cou-
pling factor, is∼0.5 as given by Ghosh & Lamb (1979a), but
it ranges from 0.3 to 1 in later models (Wang 1996; Li 1997;
Li & Wang 1999; Long et al. 2005; Bessolaz et al. 2008;
Zanni & Ferreira 2013; Dall’Osso et al. 2016, and references
therein). It can be more generally considered as a function of
the accretion rate, k(M˙), and of the inclination angle between
the neutron star rotation and magnetic field axes, and it can
be significantly smaller than that obtained in the model by
Ghosh & Lamb (1979a, see, e.g., Bozzo et al. 2009).
Disk-driven accretion can be inhibited by a centrifugal bar-
rier if the pulsar magnetosphere rotates faster than the Kep-
lerian velocity of the matter in the disk. This condition is
realized when the inner disk radius, coincident with the mag-
netospheric radius rm, is greater than the co-rotation radius,
rco, at which the Keplerian angular disk velocity ωco is equal
to the angular velocity of the NS,
√
GMNS/rco:
rco =
(
GMNS P2s
4pi2
)1/3
(4)
where ω = 2pi/Ps is the rotational frequency of the NS, and
Ps is the NS spin. For a standard NS mass of 1.4M, the
co-rotation radius is of the order of rco = 1.7×108 P2/3s cm.
The relative positions of these radii determine the accre-
tion regime at work, driven by the possible onset of (either
a magnetic or centrifugal) barrier that inhibits direct wind
accretion, also called the “gating” mechanism (Illarionov &
Sunyaev 1975; Stella et al. 1985; Bozzo et al. 2008). Dif-
ferent regimes of plasma cooling also play a role in quasi-
spherical wind-accretion onto slowly rotating NSs (Shakura
et al. 2012, 2013; Shakura & Postnov 2017). In these sys-
tems, a hot shell forms above the NS magnetosphere and,
depending on the mass accretion rate, can enter the magneto-
sphere either through inefficient radiative plasma cooling or
by efficient Compton cooling. At the same time, the plasma
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mediates the angular momentum removal from the rotating
magnetosphere by large-scale convective motions.
When rm > rco, the centrifugal barrier rises and mass is
propelled away or halted at the boundary, rather than be-
ing accreted. This carries angular momentum from the NS,
which consequently begins to spin down, and conditions be-
come favorable for accretion via the propeller mechanism
as the star enters this regime (Illarionov & Sunyaev 1975).
However, for rm < rco, matter and thus angular momentum,
is transferred to the spinning NS. Accordingly, in the case of
disk accretion, the total torque N that the disk exerts on the
NS is composed of two terms:
N = N0 +Nmag. (5)
where N0 = M˙
√
(GM rm) is the torque produced by the
matter leaving the disk at rm to accrete onto the NS, while
Nmag = −
∫∞
rm
BφBz r2 dr is the torque generated by the twisted
magnetic field lines threading the disk outside rm. Following
Ghosh & Lamb (1979a,b), the total torque in Eq. 5 can also
be expressed as
N = n(ωs)M˙
√
GM rco, (6)
where n is a dimensionless torque that is a function of the
fastness parameter ωs:
ωs =
νs
νk
=
(
rin
rco
)3/2
, (7)
where νs and νk are the spin frequency and the Keplerian
frequency, respectively. Accretion from a disk leads to a
spin period derivative (Ghosh et al. 1977; Ghosh & Lamb
1979a,b) equal to
−P˙ = 5.0×10−5µ2/730 n(ωs)R6/7NS6 M
−3/7
1.4 I
−1
45 P
2
s L
6/7
37 ss
−1. (8)
where RNS6 is the NS radius in units of 10
6 cm, I45 is the
NS moment of inertia in units of 1045 g cm2, and L37 is the
bolometric luminosity in the X-ray band (1-200 keV) in units
of 1037 erg s−1.
For 0< ωs < 0.9, a good approximation of the dimension-
less torque is (Klus et al. 2013):
n(ωs) = 1.4(1−2.86ωs) (1−ωs)−1, (9)
which, for MNS = 1.4M and RNS = 10km, results in a
torque (Ho et al. 2014) of
−P˙ = 7.1×10−5 s yr−1 k1/2× (1−ωs)µ2/730 (PL3/737 )2. (10)
Eq. 10 is widely used in the literature to study accretion
disk related phenomena of spin derivatives observed in ac-
cretion XRPs.
On the other hand, the quasi-spherical accretion model
has been introduced to explain the behavior of wind-
accreting systems that show long-term spin period evo-
lution (González-Galán et al. 2012, 2018; Shakura et al.
2012; Postnov et al. 2015). This model describes two dif-
ferent accretion regimes, separated by a critical mass ac-
cretion rate y = M˙/M˙cr, corresponding to a luminosity of
4× 1036 erg s−1. At lower luminosities, an extended quasi-
static shell is formed by the matter that is gravitationally
captured by the NS and that is subsonically settled down
onto the magnetosphere. The quasi-static shell mediates the
exchange of angular momentum between the captured matter
and the NS magnetosphere by turbulent viscosity and con-
vective motions. Both spin-up and spin-down are possible
in the subsonic regime, even if the specific angular momen-
tum of the accreted matter is prograde. As the accretion rate
increases above the critical value, the flow near the Alfvén
surface becomes supersonic and a freefall gap appears above
the magnetosphere due to the strong Compton cooling, caus-
ing the accretion to become highly unstable. In this regime,
depending on the sign of the specific angular momentum,
either spin-up or spin-down is possible.
The quasi-spherical accretion model also takes into ac-
count the coupling of the rotating matter with the magne-
tosphere at different regimes. A strong coupling regime is
realized for rapidly rotating magnetospheres, in which the
exchange of angular momentum between the accreted matter
and the NS can be described as
Iω˙ = Kmag +Ksur f (11)
where I is the NS’s moment of inertia, Kmag is the contribu-
tion to the spin frequency evolution brought by the plasma-
magnetosphere interactions at the Alfvén radius and can be
either positive or negative, and Ksurf is the spin-up contri-
bution due to the angular momentum returned by the mat-
ter accreted onto the NS (see Eq.s 17-19 in Shakura et al.
2012). In the moderate coupling regime, a similar relation
holds with different coupling coefficients (see Eq.s 27-29 in
Shakura et al. 2012). To determine the main dimensionless
parameters, the model was used to fit observations from a
few long-period pulsars. Accordingly, the spin-down rate ω˙sd
(where ω = 2piν is the angular frequency) observed in those
systems is (Postnov et al. 2015)
ω˙sd ≈ 10−8[Hzd−1]Πsd µ13/1130
(
M˙
1016 g/s
)3/11 (
Ps
100s
)−1
(12)
where Πsd is a parameter of the model, usually in the range
5−−10, M˙ is the mass accretion rate normalized for a typical
luminosity of 1037 erg s−1 (assuming L = 0.1M˙c2), Ps is the
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pulsar spin period, and µ30 is the magnetic moment BR3 in
units of 1030 G cm3. The spin-up rate ω˙su is
ω˙su ≈ 10−9[Hzd−1]Πsuµ1/1130
(
Porb
10d
)−1 ( M˙
1016 g/s
)7/11
(13)
where Porb is the binary orbital period, and Πsu ≈ Πsd
(Shakura et al. 2014).
3. THE FERMI GBM X-RAY MONITOR
GBM is an unfocused, background-dominated, all-sky
instrument aboard the Fermi Gamma-ray Space Telescope
(Meegan et al. 2009). It consists of 14 uncollimated, in-
organic scintillator detectors: 12 thallium-doped sodium
iodide (NaI) detectors and two bismuth germanate (BGO)
detectors. The NaI detectors have an effective energy range
of ≈ 8keV−1MeV, while the BGOs cover an energy range
from ≈ 200keV−40MeV. As the emission of accreting pul-
sars is dominant only below ∼ 100keV, data from the BGO
detectors will not be used in this work. The NaI detectors are
arranged into four clusters of three detectors, placed around
each corner of the spacecraft in such a fashion that any source
un-occulted by the Earth will illuminate at least one cluster.
GBM has three continuous (C) data types: CTIME data,
with a nominal time resolution of 0.256s and eight energy
channels used for event detection and localization, CSPEC
data, with a nominal time resolution of 4.096s and 128 en-
ergy channels used for spectral modeling, and continuous
time tagged event (CTTE) data with timestamps for individ-
ual photon events (2µs precision) over 128 energy channels.
The latter has been available since 2012 November.
Even though GBM is devoted to hunting Gamma-ray
Bursts, it has proven to be an excellent tool in the monitor-
ing of other transient X-ray sources as well. Consequently,
the GBM Accreting Pulsars Program2 (GAPP) was devel-
oped, with the aim of analyzing pulsars detected by GBM.
In the context of the GAPP, two different pulse search strate-
gies have been implemented: the daily blind search and
the targeted (i.e. source-specific) search. The blind search
consists of computing the daily fluxes for 26 directions (24
equally spaced on the Galactic plane, plus the Magellanic
Clouds), using CTIME data type. For each direction, a
blind Fast-Fourier Transform (FFT) search is performed be-
tween 1mHz and 2Hz (and up to 40 Hz with CTTE data).
This ensures sensitivity to new sources, new outbursts from
known sources, and pulsars whose pulse period is poorly
constrained. Typically, only the first three GBM CTIME
channels are used for this search: channels 0 (8−−12keV), 1
(12−−25keV), and 2 (25−−50keV). When a new source is
2 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.html#
detected through the blind search, its galactic longitude is in-
terpolated from several directions, with the strongest signals
in the power spectrum obtained by the FFT technique. The
targeted search consists of an epoch-folding-based search
over much smaller frequency ranges than the blind search
method, which sometimes includes a search over the fre-
quency derivative (see also Sect. 4). This is applied to known
sources, which provides a higher sensitivity due to source-
specific information such as the location, orbital parameters,
and flux spectrum.
For each source, GAPP extracts the pulsed portion of the
pulsar’s signal (see Sect. 4). However, the un-pulsed flux of
a discrete source can be obtained by fitting the steps in count
rates that occur when the source rises or sets over the Earth’s
horizon (see the GBM Earth Occultation Method –GEOM–
web page3 and Wilson-Hodge et al. 2012).
The GAPP also inherited data from previous missions like
the Burst and Transient Source Experiment (BATSE; Fish-
man et al. 1992; Bildsten et al. 1997) on board the Comp-
ton Gamma Ray Observatory (CGRO; Gehrels et al. 1994).
One of the larger transient monitors in recent history, BATSE
comprised eight NaI(Tl) large area detectors (LAD) each
with 2025 cm2 of geometric area (Fishman et al. 1992). A
plastic charged particle anticoincidence detector was in front
of each LAD, resulting in a lower energy threshold of ∼ 20
keV. BATSE also included eight spectroscopy detectors that
were not used for pulsar monitoring. The BATSE data con-
sisted of nearly continuous time-binned data DISCLA (four
channels, 1.024 s resolution) and CONT (16 channels, 2.048
s resolution). Generally, the first BATSE DISCLA channel,
20-50 keV, was used for pulsar monitoring. Comparatively,
GBM detectors only have a Beryllium window in front and so
they can reach ∼ 8 keV, much lower than the BATSE LADs
could. Despite the larger area of the BATSE detectors, the
sensitivity is similar for GBM and BATSE for detecting out-
bursts of XRPs, due to the added low-energy response of the
GBM detectors along with the abundance of photons from
the sources at those energies.
The pointing strategies for GBM and CGRO differ, with
Fermi operating in a sky-scanning mode and CGRO operat-
ing using inertial pointing. This resulted in the need to in-
corporate the detector response in an earlier step in the data
analysis process for GBM to account for changing angular re-
sponse as the spacecraft scanned the sky. Both missions were
in low-Earth orbit, at a similar inclination and altitude, re-
sulting in similar energy-dependent background rates. Both
missions used the data when a source was visible above the
Earth’s horizon for XRP analysis, resulting in similar expo-
3 https://gammaray.nsstc.nasa.gov/gbm/science/earth_occ.html.
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sure times of ∼ 40 ks per day per source (depending on the
source declination).
The GAPP (see Sect. 4) is based on the technique devel-
oped for BATSE (Finger et al. 1999; Wilson-Hodge 1999;
Wilson et al. 2002, 2003), which measured pulsed frequen-
cies and pulsed flux for a number of XRPs. Similarly to
GBM, BATSE measured the un-pulsed flux for these sources
using Earth occultation (Harmon et al. 2004).
We have now consolidated available BATSE data within
the GAPP web pages4 so as to provide the community with
20 yr of pulsar monitoring spanning the last 30 yr. We show
that the combination of BATSE and GBM data, spanning
over almost three decades, allows for the long-term study of
XRPs that unveil otherwise unobservable phenomena.
4. TIMING
4.1. Time corrections
Before delving into the timing analysis of each detected
pulsar, the epoch of observed events need to be corrected.
All recorded epoch times, t, are barycentered to remove the
effects of the satellite and the Earth’s revolutions, thus cor-
recting the times as if the reference system is located at the
center of mass of the solar system. This correction process
returns a final epoch time, t′, that takes into account the fol-
lowing contributions: the reference time t0, clock corrections
∆clock (which account for differences between the observa-
tory clocks and terrestrial time standards), the Roemer delay
∆R (which accounts for the classical light travel time across
the Earth’s orbit), the Einstein delay ∆E (which accounts for
the time dilation from the moving pulsar, observatory, and
the gravitational redshift caused by the Sun and planets or the
binary companion), and the Shapiro delay ∆S (which repre-
sents the extra time required by the pulses to travel through
the curved space-time containing the solar system masses).
Combining these termsn in the equation for the final epoch,
we have
t′ = t − t0 +∆clock +∆R +∆E +∆S.
If the orbit of the pulsar is known, a further correction is
applied to the pulse arrival times, a correction known as or-
bital demodulation. The pulsar emission time, tem, is com-
puted from the Barycentric Dynamical Time (TDB) t′, as
tem = T DB − −z, where z is the line-of-sight delay associ-
ated with the binary orbit of the pulsar (Deeter et al. 1981;
Hilditch 2001):
z = ax sin i [sinω (cosE − e)+
√
(1− e2)cosω sinE ]. (14)
Here, ax is the projected semi-major axis of the binary or-
bit, i is the orbit’s inclination relative to the plane of the sky,
4 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.html
w is the periastron angle, and e is the binary orbit eccentric-
ity, while E is the eccentric anomaly as expressed in Kepler’s
equation
E − esinE =
2pi
Porb
(tem − τp), (15)
where Porb is the orbital period and τp is the periastron pas-
sage epoch.
4.2. The phase model
Pulsars represent excellent timing tools thanks to their very
small moment of inertia, which allows precise measurements
of the pulsar spin and spin derivative via a pulsar timing tech-
nique. This involves the regular monitoring of the rotation of
the NS, by tracking the arrival times of individual observed
pulses. For this, an average pulse profile is produced at any
time to be used as a template, along with the assumption that
any given observed profile is a phase-shifted and scaled ver-
sion of the template. This is encoded in the evolution of the
pulse phase as a function of time (φ(t)). This pulse phase
model can be represented as a Taylor expansion around the
reference time t0 as
φ(t) = φ0 +ν0(t − t0)+
1
2
ν˙(t − t0)2 + ... (16)
where ν0 = ν(t = t0) (and φ0 = φ(t = t0)), while ν˙ is the pulse
frequency derivative. Pulsar timing deals with the determina-
tion of the pulse phase as accurately as possible in order to
unambiguously establish the exact number of pulsar rotations
between observations.
By fitting Eq. 16 to the frequencies determined by the
means of the power spectra or epoch-folding method, a pre-
liminary phase model is estimated. This allows us to produce
pulse profiles and, at the same time, to reduce the amount of
data and computing time. In turn, pulse profiles are used to
refine the phase model to a higher precision (i.e., by phase-
connection, see Sec. 4.3 and Sec. 4.4). To extract the periodic
signal, two main methods are considered in this work: 1) the
harmonic expansion, and 2) the search in frequency and fre-
quency derivative.
4.3. Pulse profiles using a harmonic expansion
The pulsar periodic signal can be represented by a Fourier
harmonic series:
mk =
N∑
h=1
ahcos{2pihφ(tk)}+bhsin{2pihφ(tk)} , (17)
where mk is the model count rate at time tk, ah and bh are
the Fourier coefficients, h is the harmonic number, N is the
number of harmonics, and φ(tk) is the phase model. Similar
to BATSE (Bildsten et al. 1997; Finger et al. 1999), six har-
monics are typically used to represent the pulse profile. This
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results in a reasonable representation of all observed sources’
pulse profiles, while the employment of additional harmonics
does not improve the pulse structure significantly. To obtain
the harmonic coefficients ah and bh, a fit is performed to min-
imize the χ2 function:
χ2 =
M∑
k=1
{xk − (mk +Bk)}2
σ2xk
, (18)
where xk and σk are the measured count rates and errors,
respectively, M = 2N is the number of statistically indepen-
dent points, and Bk is the background (the un-pulsed count
rate level). For this technique to work, a careful choice of
the data length has to be considered. The interval needs to
be short enough to guarantee that the phase model is not sig-
nificantly changed between the beginning and the end of the
observation, while at the same time, the interval needs to be
long enough to include sufficient data, typically between 5
and 10 times the spin period of the measured source.
Following Bildsten et al. (1997) andWoods et al. (2007),
the GBM pulsed flux (Fpulsed) is obtained as the root mean
squared (RMS) pulsed flux:
Fpulsed =
√√√√ N∑
h=1
a2h +b2h − (σ2ah +σ
2
bh )
2
(19)
where
σ2ah =
4
P2
P∑
i=1
σ2ri cos
2 (2piφih) , σ2bh =
4
P2
P∑
i=1
σ2ri sin
2 (2piφih)
(20)
and P is the total number of phase bins, and σri is the un-
certainty in the count rate in the ith phase bin. The spectral
model used to combine the count rate of each source with the
spectral response is an empirical model based on observa-
tions published in the literature. This procedure ensures that
the pulsed flux is unbiased against the energy dependence of
pulsed flux commonly observed in accreting XRPs, because
the Fpulsed is calculated in relatively narrow energy bins, and
the effect of an incorrectly assumed spectral model has been
calculated to affect the derived flux only marginally, i.e. at a
∼ 5% level (Wilson-Hodge et al. 2012).
4.4. Pulse profiles using a search in frequency and
frequency derivative
Due to the spin evolution shown by accreting pulsars, it
is useful to apply a technique that not only estimates the spin
frequency but also its derivative. Consequently, a search over
a grid of pulse frequencies and frequency derivatives is per-
formed to find the best-fitting value. The search range is often
estimated using past measurements (depending on availabil-
ity) otherwise, a safe interval of ±0.01ν0 is used, where ν0
is the pulsar frequency estimated in Sect. 4.3). For an esti-
mation of the pulsar frequency derivative range, a maximum
spin-up rate is obtained from accretion theory (e.g., Parmar
et al. 1989) assuming canonical NS parameters,
ν˙ = 1.9×10−12µ2/730 L6/737 Hzs−1, (21)
where µ30 is the magnetic moment of the NS in units of
1030 G cm3 and L37 is the luminosity in units of 1037 erg s−1.
Typical spin-down rates are of the order of a few times
10−13 Hz s−1. Eq. 21 is considered applicable only on a lim-
ited range of relatively high-luminosity values (Parmar et al.
1989), a condition that is met for all analyzed sources when
detected by GBM.
Once the frequency and frequency derivative search ranges
are established, a grid of phase offsets from the phase model
in Eq. 16 is created
δφk(δν, ν˙q) = δνp(t¯k − τ )+
1
2
ν˙q(t¯k − τ )2. (22)
where t¯k is the time at the midpoint of segment k, τ is a
reference epoch chosen near the center of the considered time
interval (that is, at the epoch τ , δφ = 0 by definition), δνp is
an offset in pulse frequency from ν0 in Eq. 17, and ν˙q its
derivative. Each offset in pulse phase leads to a a shift in
the individual pulse profiles, applied as a modification of the
estimated complex Fourier coefficient:
βkh(δν, ν˙q) = (akh − ibkh)exp{−i2pihδφ(δν, ν˙q)} , (23)
where akh and bkh are the harmonic coefficients for har-
monic h and profile k from Eq. 16. The best frequency and
frequency derivative within the search grid are determined
using the Yn statistic, following Finger et al. (1999).
4.5. Phase offset estimation and model fitting
Once pulse profile templates are obtained following the
methods outlined in Sect. 4.3 and Sect. 4.4, a phase offset
∆φ can be estimated by comparing the fitted pulse profiles
with the obtained template. The ∆φ and pulse amplitude A
of each pulse is then determined by fitting each pulse profile
to the template (Th) by minimization of
χ2 =
M∑
k=1
|αkh −ATh exp(−i2pih∆φk)|2
σ2kh
. (24)
Here, αkh = akh − ibkh is the complex Fourier coefficient for
harmonic h and profile k, and σ2kh is the error on the real or
imaginary component of αkh.
Phase offsets are the signature that the observed spin fre-
quency is modulated by some effect. If the offsets present
a random, erratic behavior consistent with a constant value,
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then the phase model cannot be improved, and the offsets are
considered noise. However, if the offsets show a (possibly
periodic) pattern, the phase model can be improved by mini-
mization of
χ2 =
M∑
k=1
(φ(temk )−φmodel(temk ))2
σ2φ(temk )
, (25)
where φ(temk )) is the total measured pulse phase (the phase
model used to fold the pulse profiles plus the measured off-
set), σ2φ(temk ) is the error on φ(t
em
k )), and φ
model(temk )) is the
new phase model that has been used in the fit. Typically,
the Levenberg-Marquardt method (Press et al. 1992) is used
for the minimization of Eq. 25. Such a process constrains the
pulsar binary orbit by considering tem = T DB − −z, remem-
bering that TDB is the Dynamical Barycentric Time and z is
the line-of-sight delay associated with the binary orbit (see
Sect. 4.1 and Eq. 14).
5. OVERVIEW OF ACCRETING X-RAY PULSARS
XRPs that are part of binary systems can be classified into
two groups, according to the mass of the donor star (Lewin
et al. 1997):
• High Mass X-ray Binaries (HMXBs) are systems
where the donor star is a massive O or B stellar type,
typically with M ≥ 5M. The system is generally
younger, and the stellar wind is strong. When the
compact object is a NS, its magnetic field is of the or-
der of 1012 G. In our Galaxy, these objects are mostly
found on the Galactic plane, especially along the spiral
arms.
• Low Mass X-ray Binaries (LMXBs) are systems where
the donor star is a spectral type A or later star, or a
white dwarf with a mass of M ≤ 1.2M. These sys-
tems are generally older than HMXBs, with weaker
stellar winds from the donor. The NS magnetic
field observed in these systems has decayed to about
107−8 G. Moreover, LMXBs are typically found toward
the Galactic center; although, some of them have been
observed in globular clusters.
XRPs are largely found in HMXBs. In fact, GBM de-
tected XRPs are almost exclusively HMXBs. Depending on
the binary system properties, three different methods of mass
transfer can take place in X-ray binaries:
1. Wind-fed systems: Accretion from stellar winds is
particularly relevant when the donor star is a mas-
sive main-sequence or supergiant O/B star, because
those winds are dense, with mass-loss rates of M˙w ≈
10−6 − 10−7 M yr−1. Typically, in wind-fed systems,
the compact object orbits the donor star at a close
distance, thus, being deeply embedded in the stellar
wind, accreting at all orbital phases. These systems
are therefore persistent sources, showing variability on
a timescale that is much shorter than the orbital period
(i.e., 102 −104 s).
2. Roche lobe-overflow (RLO) systems: When the bi-
nary system is such that the donor star radius is larger
than its Roche lobe, the star loses part of its mate-
rial through the first Lagrangian point L1. When RLO
takes place, the mass flow does not directly impact the
compact object due to the intrinsic orbital angular mo-
mentum of the transferred material. Instead, it forms
an accretion disk around the compact object. Since the
transfer of matter is generally steady, RLO systems are
also persistent sources.
3. Be/X-Ray Binary systems (BeXRBs): In these systems,
the donor star is an O- or B-type star that expels its
wind on the equatorial plane under the form of a cir-
cumstellar disk (also called the Be disk). The disk is
composed of ionized gas that produces emission lines
(especially Hα). When the orbiting compact object
(CO) passes close to or through the Be disk, a large
flow of matter is pulled from the disk, forming an ac-
cretion disk around the CO by its gravitational poten-
tial. Subsequently, matter is then accreted onto the CO
giving rise to an X-ray outburst. Due to the orbital
modulation of the accreted matter, these systems show
only transient activity. X-ray outbursts in BeXRBs are
classified into two types:
– Type I: also called normal outbursts. These are
less luminous outbursts, with a peak luminosity
of ∼ 1036−37 erg s−1, occurring typically at peri-
astron passages and lasting for a fraction of the
orbital period.
– Type II: also called giant outbursts. These
episodes are more rare, more luminous (peak
luminosity of ∼ 1037−38 erg s−1), and do not show
any preferred orbital phase, lasting for a large
fraction of the orbital period or even for several
orbits.
Despite the aforementioned classifications, the zoo of
XRPs often shows systems that have properties belonging to
different classes and are characterized by mixed mass trans-
fer modalities. For example, theoretical and observational
works show that wind-captured disks can form around the
CO of certain HMXBs (see, e.g., Jenke et al. 2012; Blondin
2013; El Mellah et al. 2019). Moreover, the recent discov-
ery of new systems led to the classification of additional
subclasses, e.g., the HMXBs with supergiant companions
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Figure 1. The Corbet diagram showing spin period (y-axis) versus orbital period (x-axis) for all GBM detected accreting XRPs with known
orbital period. A few representative sources have been labelled. The region populated by accreting millisecond pulsars (grey oval) has also
been labelled for comparison.
(SgXBs), and the Super-giant Fast X-ray Transients (SFXTs;
Sidoli & Paizis 2018, and references therein). However,
different subclasses may also represent similar systems ob-
served at different accretion regimes or at different evolu-
tionary stages. For example, gated accretion models are
invoked to explain the variable activity of SFXTs, where
the transitions between possible regimes are triggered by the
inhomogeneous (i.e., clumpy) ambient wind (Bozzo et al.
2016; Martínez-Núñez et al. 2017; Pradhan et al. 2018, and
references therein).
All GBM detected XRPs and relevant properties are sum-
marized in Table 1. The different classes for these sources are
shown in Fig. 1, where they are plotted in the Corbet diagram
(Corbet 1986).
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6. INDIVIDUAL ACCRETING X-RAY PULSARS
OBSERVED BY GBM
There are 39 sources in total, 31 transient systems, and
eight persistent systems, with frequency and pulsed flux his-
tories available on the GAPP public website5. For each
source, we link the corresponding GAPP web page for the
reader’s convenience. The main properties of each source
are listed in Table 1, along with their distance values as mea-
sured either by the Gaia mission (Bailer-Jones et al. 2018)
following the method described in Appendix B or as other-
wise specified.
6.1. Transient Outbursts in BeXRB systems
Most GBM detected XRPs are BeXRB systems. Among
the transient systems, pulsations from 28 BeXRBs, 1 possible
BeXRB, 1 HXMB (with no better subclassification), and 1
LMXB are observed with GBM. Below, we describe the main
timing properties of each transient XRB detected by GBM.
6.1.1. GRO J1744–28
GRO J1744–28 is the fastest accreting X-ray pulsar, with
a spin period of only ∼ 44ms, discovered with BATSE (Fin-
ger et al. 1996a). This source is also known as the Bursting
Pulsar, due to the fact that it shows Type II–like bursting ac-
tivity, usually attributed to thermonuclear burning, but it is
possibly due to accretion processes in GRO J1744–28 (Court
et al. 2018, and references therein). It is the only LMXB
among the transient systems detected by GBM. It has an or-
bital period of about 12days, and its distance is calculated as
∼ 8.5kpc in Kouveliotou et al. (1996) and Nishiuchi et al.
(1999), but it is challenged by the value of ∼ 4kpc obtained
from studies of its near-infrared counterpart, a reddened K2
III giant star (Gosling et al. 2007; Wang et al. 2007; Masetti
et al. 2014). On the other hand, the closest Gaia counterpart
is located at 14.0′′ from the nominal source position and at
a distance of 1.3+1.2−0.5 kpc. The activity observed from GRO
J1744–28 is limited to three episodes: the Type II outburst
that led to its discovery in 1995 (Kouveliotou et al. 1996), the
outburst that occurred in 1997 (Nishiuchi et al. 1999), and the
last one in 2014, which followed almost two decades of qui-
escence (D’Aì et al. 2015; Sanna et al. 2017, and references
therein). The spin-up rate observed during the outbursts is
of the order of 10−12 Hz s−1, while the secular spin-up trend
shows an average rate of about 2×10−13 Hz s−1 (Sanna et al.
2017). GBM also measuredGBM also measured an average
value of the spin derivative of ∼ 3×10−12 Hz s−1
an average value of the spin derivative of∼ 3×10−12 Hz s−1
during the 2014 outburst6. Comparisons with archival
5 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.html#
6 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
groj1744.html.
BATSE data show a marginal long-term spin-up trend with
an average rate of ν˙ ∼ 1×10−14 Hz s−1.
6.1.2. SAX J2103.5+4545
SAX J2103.5+4545 was discovered by BeppoSAX as
a transient accreting pulsar with a spin period of ∼ 360s
(Hulleman et al. 1998). With an orbital period of ∼13 days,
it is amongst the shortest known for a BeXRB (Baykal et al.
2007). The Gaia distance for this source is 6.4+0.9−0.7 kpc, con-
sistent with the distance value obtained from optical observa-
tions of the B0 Ve companion star (6.5kpc; Reig et al. 2004b,
2010). Although SAX J2103.5+4545 has been classified as
a BeXRB (Reig et al. 2004b), it does not follow the Corbet
Porb–Pspin correlation, but it is located in the region of wind
accretors (see Fig. 1). Since its discovery, numerous Type
I and Type II outbursts have been observed (Camero Ar-
ranz et al. 2007). Since then, SAX J2103.5+4545 has been
showing a general spin-up trend at different rates7 but with
an average value of ν˙ ≈ 10−12 Hz s−1 (Camero Arranz et al.
2007). Those authors also observe a spin-up rate steeper
than the expected power-law correlation, with a 6/7 index
as reported in Equations (10) and (21) (see Fig. 13 in their
work). During outburst episodes, the measured spin-up rate
is ν˙ = −2.6×10−12 Hz s−1 (Ducci et al. 2008). However, long
(∼yr) spin-down periods have also been observed between
outbursts, with ν˙ = 4.2×10−14 Hz s−1 (Ducci et al. 2008).
6.1.3. 4U 1901+03
4U 1901+03 was first detected in X-rays by the Uhuru mis-
sion in 1970–1971 (Forman et al. 1976). Afterwards, the
source remained undetected until 2003, when it underwent
a Type II outburst that lasted for about 5 months and dur-
ing which pulsations were detected at a spin period of about
3s (Galloway et al. 2005). The orbital period is ∼ 23days
(Galloway et al. 2005; Jenke & Finger 2011). The optical
companion stellar type was uncertain until recent measure-
ments were obtained by McCollum & Laine (2019), who
proposed a B8/9 IV star, which is consistent with the X-
ray timing analysis that favors a BeXRB nature (Galloway
et al. 2005). The Gaia measured distance is 2.2+2.2−1.3 kpc,
much closer than the initially proposed distance of ∼ 10kpc
(Galloway et al. 2005). However, optical spectroscopy of
the optical companion, together with the separation between
the Gaia measurement and the Chandra derived position
for this source (Halpern & Levine 2019), led Strader et al.
(2019) to favor a distance > 12kpc for this system. Af-
ter the Type II outburst in 2003, the source has remained
mostly quiescent, showing moderate activity in 2011 Decem-
ber (Jenke & Finger 2011; Sootome et al. 2011), when a
7 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
saxj2103.html.
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weak flux increase was observed, accompanied by a spin-
up trend. The spin-up observed during the Type II out-
burst in 2003 was 2.9× 10−11 Hz s−1 (Galloway et al. 2005).
More recently however, the source underwent another Type
II outburst (Kennea et al. 2019; Nakajima et al. 2019). The
GBM spin-up average rate8 measured during the 2019 out-
burst episode was 1.4× 10−11 Hz s−1, similar to that of the
previous Type II outburst. GBM also observed the source
slowly spinning down between outbursts at an average rate
of 4.2×10−13 Hz s−1.
6.1.4. RX J0520.5–6932
RX J0520.5–6932 was discovered with ROSAT (Schmidtke
et al. 1994). The only pulsations were detected two decades
later, when a Swift/XRT survey of the LMC in 2013 revealed
RX J0520.5–6932 to have undergone an X-ray outburst, and
XMM-Newton observations found a spin period of about 8s
(Vasilopoulos et al. 2014). The orbital period is ∼ 24days
(Coe et al. 2001; Kuehnel et al. 2014). The optical counter-
part is an O9 Ve star (Coe et al. 2001), and the source is lo-
cated in the LMC (∼ 50kpc). The outburst observed in 2013
was the the first and only one since its discovery (Vasilopou-
los et al. 2013). During that episode, a strong spin-up trend
was observed by GBM9, at a rate of ν˙ = 3.5×10−11 Hz s−1.
6.1.5. A 1118–616
X-ray pulsations with a period of 406.5s were discovered
in A 1118–616 by Ariel 5. Initially interpreted as the bi-
nary period (Ives et al. 1975), it was later identified as the
pulsar spin period (Fabian et al. 1975, 1976). The first de-
termination of the orbital period of 24days was obtained
later by Staubert et al. (2011). The optical companion is
an O9.5 IV-Ve star, Hen 3-640/Wray 793 (Chevalier & Ilo-
vaisky 1975), and the Gaia measured distance for this system
is 2.9+0.3−0.2 kpc (although, other works locate it at about 5.2kpc;
Janot-Pacheco et al. 1981; Riquelme et al. 2012). Its outburst
activity is sporadic, with only three major outbursts since its
discovery (see Suchy et al. 2011, and references therein). The
average spin-up rate observed during accretion is of the order
of (2− 4)× 10−13 Hz s−1 (see, e.g., Coe et al. 1994b, and the
relevant GAPP web page10), while the secular trend between
outbursts is a spin-down rate of about −− 9.1× 10−14 Hz s−1
(Mangano 2009; Doroshenko et al. 2010b). After the 2011
outburst, the source entered a quiescent period that is still
ongoing at the time of writing, remaining undetected with
GBM.
8 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
4u1901.html.
9 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
rxj0520.html.
10 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
a1118.html.
6.1.6. 4U 0115+634
Pulsations at ∼ 4s from 4U 0115+634 were discovered by
SAS-3 in 1978 (Cominsky et al. 1978). The orbital period is
24days (Rappaport et al. 1978), and the optical companion is
V635 Cas, a B0.2 Ve star. It has a Gaia measured distance of
7.2+1.5−1.1 kpc, consistent with the approximate value of ∼ 7kpc
inferred by Negueruela & Okazaki (2001) and Riquelme
et al. (2012). 4U 0115+634 shows frequent outburst activity,
with Type II outbursts observed as often as Type I outbursts,
at a quasi-periodicity of 3−−5years (Negueruela & Okazaki
2001; Negueruela et al. 2001). The general spin period evo-
lution trend shows spin-down during quiescence, as well as
between outbursts. However, rapid spin-up episodes are ob-
served during Type II activity, ν˙ ∼ 2.3×10−11 Hz s−1 (Li et al.
2012). This resulted in a secular spin-up trend (Boldin et al.
2013). However, the secular trend has recently inverted, and
the source started to show long-term spin-down as observed
by GBM11.
6.1.7. Swift J0513.4–6547
Swift J0513.4–6547 was discovered by Swift during an
outburst and identified as a pulsar with a spin period of 28s
in the same observation (Krimm et al. 2009). The outburst
lasted for about 2 months, after which the source entered
quiescence interrupted only by a moderate re-brightening in
2014, when it showed a luminosity of the order of 1036 erg s−1
(Sturm et al. 2014; S¸ahiner et al. 2016). The system is lo-
cated in the LMC, and the optical companion is a B1 Ve star
(Coe et al. 2015). The peak spin-up rate observed by GBM12
during the 2009 outburst is about 3×10−10 Hz s−1 (Finger &
Beklen 2009; Coe et al. 2015), while during the quiescent pe-
riod between 2009 and 2014, the source was spinning down
at an average rate of −1.5×10−12 Hz s−1 (S¸ahiner et al. 2016).
6.1.8. Swift J0243.6+6124
Swift J0243.6+6124 is the newest discovered source in the
present catalog and among the brightest. It was first discov-
ered by Swift and then independently identified as a pulsar
by Swift and GBM, with a spin period of about 10s (Jenke &
Wilson-Hodge 2017; Kennea et al. 2017). The orbital period
is ∼ 27days (Jenke et al. 2018b), and the optical counter-
part is a late Oe-type or early Be-type star (Bikmaev et al.
2017), with a Gaia measured distance of 6.9+1.6−1.2 kpc. Fol-
lowing its discovery, the source entered a Type II outburst
that lasted for ∼ 150days, becoming the first known galactic
Ultra-Luminous X-ray (ULX) pulsar, with a peak luminosity
of about 2× 1039 erg s−1 (Wilson-Hodge et al. 2018). Dur-
11 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
4u0115.html.
12 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
swiftj0513.html.
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ing the outburst episode, the source showed dramatic spin-up
at a maximal rate of ∼ 2× 10−10 Hz s−1 (Doroshenko et al.
2017). After the Type II outburst, the source kept show-
ing weaker X-ray activity for a few of the following pe-
riastron passages13. During these later passages, the spin-
down rate of the source was about 100 times slower (∼
−2× 10−12 Hz s−1), even at an accretion luminosity of a few
1036 erg s−1 (Doroshenko et al. 2019; Jaisawal et al. 2019).
Only during the last exhibited outburst did the source show
a spin-up trend again at a rate comparable to the previously
observed spin-up phase. Currently, the source remains quies-
cent.
6.1.9. GRO J1750–27
Pulsations at 4s from GRO J1750–27 were observed by
BATSE during the same outburst that led to its discovery
(Wilson et al. 1995; Scott et al. 1997). The orbital pe-
riod is about 30days, and the system is located at a dis-
tance of ∼ 18kpc (Scott et al. 1997; Lutovinov et al. 2019),
with no Gaia DR2 counterpart (but with a DR1 solution of
1.4+1.9−0.5 kpc). No optical counterpart has been identified yet
due to the location of the system beyond the Galactic cen-
ter. However, following the classification of Corbet (1986),
Scott et al. (1997) identified GRO J1750–27 as a BeRXB.
GRO J1750–27 shows only sporadic outburst activity, with
only three outbursts detected since its discovery and only one
observed by GBM14. Local spin-up trends during these out-
bursts have been observed at a rate of about 1.5×10−11 Hz s−1
(Shaw et al. 2009; Lutovinov et al. 2019). The source does
not show any appreciable spin derivative during quiescent pe-
riods.
6.1.10. Swift J005139.2–721704
Pulsations at about 4.8 s were first discovered from the
SMC source XTE J1858+034 with RXTE (Corbet et al.
2001). This source has recently been identified as coincident
with Swift J005139.2–721704 in the SMC (Strohmayer et al.
2018) and is listed on the GAPP website with this name15.
Laycock et al. (2003) identified the source as a BeXRB, infer-
ring its orbital period as∼ 20−40days based on its pulsation
period and its possible location on the Corbet diagram. Pul-
sations from this source were observed with GBM only once,
during its recent outburst in 2018. This represented only the
second outburst ever observed from this source (Monageng
et al. 2019, and references therein). These authors reported
13 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
swiftj0243.html.
14 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
groj1750.html.
15 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
swiftj005139.html.
the source to show unusual spin-down trends during accre-
tion, which may be due to orbital modulation.
6.1.11. 2S 1553–542
Pulsations at ∼ 9 s from 2S 1553–542 were discovered
by SAS-3 (Kelley et al. 1982). The orbital period is about
31days (Kelley et al. 1983a), and the optical companion has
been identified as a B1-2V type star (Lutovinov et al. 2016).
The closest counterpart measured by Gaia is located at an
angular offset of 5′′.5 from the nominal source position, at
a distance of 3.5+2.6−1.5 kpc. However, a distance of 20± 4kpc
has been reported by Tsygankov et al. (2016) based on the
assumption of accretion-driven spin-up. Since its discovery,
the source has exhibited three outbursts, all of which were
Type II (see Tsygankov et al. 2016, and references therein).
This behavior is interpreted in terms of the low eccentricity
(e∼ 0.035) of the binary orbit (Okazaki & Negueruela 2001).
Local spin-up rates during accretion episodes were measured
as 2.9× 10−11 Hz s−1 for the 2008 outburst (Pahari & Pal
2012), and 8.7× 10−12 Hz s−1 for the 2015 outburst16. The
spin-down rate measured between these outbursts is about
−4.0×10−13 Hz s−1 (Tsygankov et al. 2016).
6.1.12. V 0332+53
Pulsations at ∼ 4s from V 0332+53 were detected by the
EXOSAT satellite (Stella et al. 1985). The same observations
revealed a moderately eccentric orbit (e∼ 0.3) and an orbital
period of about 34days. The optical companion is an O8-9
Ve star, BQ Cam (Honeycutt & Schlegel 1985; Negueruela
et al. 1999), and the system distance was first estimated to be
2.2 − 5.8kpc (Corbet et al. 1986). This was later increased
to 6− 9kpc (Negueruela et al. 1999). Both findings are con-
sistent with a Gaia measured distance of 5.1+1.1−0.8 kpc. Since
its discovery, the source has shown four Type II outbursts,
each one lasting for a few orbital periods and reaching peak
luminosities of ∼ 1038 erg s−1 (see Doroshenko et al. 2016,
and references therein). The spin-up rate measured during
outburst episodes is (2 − 3)× 10−12 Hz s−1 (Raichur & Paul
2010). However, as outburst activity from this source is rela-
tively rare, the net secular spin derivative trend shows a slow
spin-down17, ∼ −5×10−14 Hz s−1.
6.1.13. XTE J1859+083
Pulsations from XTE J1859+083 at∼10s were discovered
with RXTE (Marshall et al. 1999). An orbital period of 60.6
days was first proposed by Corbet et al. (2009), based on the
separation of a few outbursts. However, analysis of a series
16 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
2s1553.html.
17 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
v0332.html.
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of outbursts in 2015 led to a refined orbital solution with an
orbital period of 37.9 days (Kuehnel 2016). No optical com-
panion has been identified yet, but the source is considered
a BeXRB due to its position on the Corbet diagram. The
closest counterpart measured by Gaia is located at an angu-
lar offset of 17′′.3, at a distance of 2.7+2.4−1.5 kpc. In 2015, the
source showed a new bright outburst (Finger et al. 2015, and
references therein), during which GBM18 measured a strong
spin-up rate of ν˙ ∼ 1.6×10−11 Hz s−1, similar to the rate ob-
served in 1999 (Corbet et al. 2009).
6.1.14. KS 1947+300
KS 1947+300 was first discovered with Mir-Kvant/TTM
(Borozdin et al. 1990) and successively re-discovered with
BATSE as the pulsating source GRO J1948+32 with a spin
period of ∼ 19s (Chakrabarty et al. 1995). These were later
identified as the same source, KS 1947+300 (Swank & Mor-
gan 2000). The orbital period is 42days, while the binary
orbit is almost circular, e∼ 0.03 (Galloway et al. 2004). The
Gaia measured distance is 15.2+3.7−2.8 kpc, approximately con-
sistent with the distance of∼ 10kpc measured by Negueruela
et al. (2003) and that of 10.4±0.9kpc measured by Riquelme
et al. 2012, who also derived the stellar type (B0V) of the op-
tical companion. KS 1947+300 is the only known BeXRB
with an almost circular orbit that shows both Type I and II
outbursts. During these outbursts, the source shows a spin-up
trend, with a rate measured for the 2013 Type II outburst of
(2−4)×10−11 Hz s−1 (Galloway et al. 2004; Ballhausen et al.
2016; Epili et al. 2016), while the source is spinning down
between outbursts at an average rate of −8×10−13 Hz s−1, as
measured by GBM19.
6.1.15. 2S 1417–624
Pulsations with a period of 17.6s were discovered from 2S
1417–624 with SAS-3 observations in 1978 (Apparao et al.
1980; Kelley et al. 1981). This source shows both Type I and
Type II outbursts, as well as decade-long quiescent periods.
The orbital period is 42days (Finger et al. 1996b), with the
optical counterpart identified as a B-type (most likely a Be-
type) star located at a distance of 1.4−11.1kp (Grindlay et al.
1984), while the measured Gaia distance20 is 3.8+2.8−1.8 kpc. The
secular slow spin-down trend observed during quiescence is
overshadowed by the large spin-up induced during its Type
18 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
xtej1859.html.
19 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
ks1947.html.
20 Recently Ji et al. (2019) adopted a different Gaia counterpart to the
source, which has a distance of 9.9+3.1−2.4 kpc. This estimated distance is how-
ever inconsistent with the inferred distance of ∼ 20kpc calculated using
accretion-driven torque models.
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Figure 2. Blue y-axis: The evolution of the orbital phase shift of
Type I outbursts from EXO 2030+375 as measured with Swift/BAT
(blue dots). Recently, the outbursts peak at ∼ 0.1 in orbital phase,
a behavior that seems to be recurring with a periodicity of ∼ 20yr
(see the text). ed y-axis: the evolution of the NS spin frequency (cor-
rected for the orbital motion) as measured with GBM (red dashed
line). The pulsar is now entering a new spin-up phase, after about
2000days of spin-down, similar to what observed ∼ 20yr ago.
II outbursts, observed to be21, 1.3×10−12 Hz s−1 (Raichur &
Paul 2010). Recently, 2S 1417–624 entered a new giant out-
burst episode at an orbital phase of ∼ 0.30, similar to the
previous outburst in 2009 (Gupta et al. 2018; Nakajima et al.
2018; Ji et al. 2019).
6.1.16. SMC X-3
SMC X-3 was discovered with SAS-3 as a bright source
in the Small Magellanic Cloud (Clark et al. 1978). How-
ever, it was not until 2004 that Chandra data analyzed by
Edge et al. (2004) recognized this source as an ∼ 8s pulsar
found by Corbet et al. (2004) with RXTE. The orbital pe-
riod of the binary system is 45days (Townsend et al. 2017),
and the optical companion is a B1-1.5 IV-V star (McBride
et al. 2008). In 2016, the source underwent a Type II out-
burst that reached a super-Eddington bolometric peak lu-
minosity of 2.5× 1039 erg s−1, making SMC X-3 a BeXRB
system that is also a ULX source (Townsend et al. 2017).
During that episode22, the NS spun-up at an outstanding
rate of 6.8× 10−11 Hz s−1 (Townsend et al. 2017). Con-
versely, the long-term (measured from 1998 to 2012) spin-
down trend has an average rate that is about 500 times slower,
−1.4×10−12 Hz s−1 (Klus et al. 2014).
6.1.17. EXO 2030+375
21 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
2s1417.html
22 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
smcx3.html
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EXO 2030+375 is a transient source discovered with EX-
OSAT (Parmar et al. 1989). The NS spin period is 41.7s,
while the orbital period is ∼ 46days (Wilson et al. 2008).
The orbit of the NS around the O9-B2 stellar companion is
eccentric, e = 0.4190. Since its discovery, the source has
shown both Type I and II outbursts. Type I episodes have
been occurring nearly every orbit for ∼ 28yr with a typical
duration of about 7 − 14days, while Type II outbursts can
last as long as 80days. EXO 2030+375 is the XRP with
the largest number of observed Type I outbursts (∼ 150), de-
tected in the X-ray band by many space-based observatories,
e.g., Tenma, Ginga, ASCA, BATSE, RXTE, and more re-
cently with Swift/BAT and GBM (Laplace et al. 2017). The
long-term spin derivative trend observed by both BATSE and
GBM23 is spin-up at a mean rate of ν˙ ∼ 1.3× 10−13 Hz s−1.
During such long-term spin-up periods, outbursts occur typi-
cally 5−6days after periastron passage. However, the source
has shown two torque reversals, one of which was ongoing in
2019. The first torque reversal occurred in 1995, which was
first preceded by a∼3yr quiescent period, accompanied later
by a shift in the outburst peak to 8 − 9 days earlier than the
preceding outbursts (3−4days before periastron; Reig & Coe
1998; Wilson et al. 2002). Recently, the source has shown
another quiescent period (∼ 1yr), after which the resumed
activity was characterized by similar properties to those ob-
served ∼ 20yr before - a shift in the outburst peak orbital
phase and a spin-down trend. This behavior highlights a pos-
sible 21yr cycle due to Kozai–Lidov oscillations in the Be
disk (Laplace et al. 2017). According to Laplace et al. (2017),
the shift in the peak orbital phase is ∼ 0.15 over the past cy-
cle. To verify their predictions, we calculated the orbital shift
of the outburst peak using the Swift/BAT monitor. To achieve
this, we modeled each Type I outburst observed by the BAT
with a skewed Gaussian profile, whose peak was taken to the
corresponding outburst peak time. These are shown in Fig. 2
as a function of time from 2016 January (MJD 57400) up
to 2019 October (MJD 58700). At the time of writing, GBM
recorded the start of a new spin-up phase, similar to what was
observed in the previous cycle (Laplace et al. 2017). This
supports the hypothesis formulated by those authors about a
∼ 20yr periodicity in the X-ray behavior of EXO 2030+375.
6.1.18. MXB 0656–072
Despite the discovery of MXB 0656–072 more than 40yr
ago with SAS-3 (Clark et al. 1975), it took almost 30yr years
to detect any pulsations from this source with RXTE. RXTE
observed the source to have a spin period of ∼ 160s (Mor-
gan et al. 2003). The orbital period is about 100days (Yan
et al. 2012), and the optical companion is an O9.7 Ve star
23 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
exo2030.html.
(Pakull et al. 2003; Nespoli et al. 2012). The Gaia measured
distance is 5.1+1.4−1.0 kpc, consistent with the distance derived
from optical analysis of the companion spectrum (McBride
et al. 2006). So far, the source has shown only Type I out-
bursts, with a peak luminosity of < 1037 erg s−1. The source
has also shown fast spin-up during accretion. A spin-up trend
of ν˙ ∼ 5× 10−12 Hz s−1 (that is about 0.45s in 30days) was
observed in the 2003 outburst (McBride et al. 2006). The
last series of Type I outbursts observed from this source dates
back to the period between 2007 and 2009 (Yan et al. 2012);
afterwards, the source entered a quiescent period that is still
presently ongoing. The spin-up rate measured by GBM24
during the last of those outbursts was comparable to that mea-
sured in 2003.
6.1.19. GS 0834–430
Pulsations from GS 0834–430 were first observed with
Ginga, each lasting 12s (Aoki et al. 1992). The orbital period
was measured to be 106days by Wilson et al. (1997). This
was determined by using the spacing between the first five of
seven outbursts observed between 1991 and 1993, while the
last two were spaced by about 140days. The optical coun-
terpart is a B0-2 III-Ve type star and estimated to be located
at a distance of 3 − 5kpc, inferred from the luminosity type
(Israel et al. 2000). This was later found to be consistent
with the measured Gaia distance of 5.5+2.5−1.7 kpc for the closest
counterpart located at 5.4′′ from the nominal source position.
The average spin-up rate during the first outbursting period
was about 6× 10−12 Hz s−1 (Wilson et al. 1997), while the
spin-up rate measured by GBM25 during the last outburst in
2012 was found to be 1.1×10−11 Hz s−1 (Jenke et al. 2012a).
6.1.20. GRO J2058+42
Pulsations from this source were discovered by BATSE to
have a spin period of 198 s during a giant X-ray outburst
in 1996 (Wilson et al. 1996). Subsequent observations of
the source found an orbital period of about 110days (Wil-
son et al. 1998) and were consequently identified later as a
BeXRB system (Wilson et al. 2005). The first estimation
of the distance to the source (Wilson et al. 1998) was found
to be 7− 16kpc away, consistent with the GAIA distance of
8.0+1.2−1.0 kpc. During the giant outburst in 1996, the source
showed spin-up at a rate of 1.7× 10−11 Hz s−1 (Wilson et al.
1998). GRO J2058+42 was observed by GBM26 only during
the recent bright X-ray outburst (Malacaria et al. 2019), when
the source showed a spin-up rate similar to that reported in
24 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
mxb0656.html
25 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
gs0834.html
26 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
groj2058.html.
16 THE GAPP TEAM
1996. It was previously unobserved by GBM, thus, repre-
senting the most recent addition to the GBM Pulsar catalog.
6.1.21. A 0535+26
Pulsations from A 0535+26 were discovered by Ariel 5
with a period of 103s (Coe et al. 1975; Rosenberg et al.
1975). The system has an orbital period of 111days (Na-
gase et al. 1982). The optical counterpart is HD 245770, an
O9.7-B0 IIIe star located at a distance of ∼ 2kpc (Hutchings
et al. 1978; Li et al. 1979; Giangrande et al. 1980; Steele
et al. 1998). This distance was later confirmed by Gaia to
be 2.1+0.3−0.2 kpc. The system regularly shows Type I outbursts,
separated by both quiescent phases and Type II episodes (see
Motch et al. 1991; Müller et al. 2013, and references therein).
Similar to GX 1+ 4 and GRO J1008–57 (see Sections 6.2.8
and 6.1.27, respectively), little to no spin-up is detected dur-
ing Type I outbursts of this source. However, large spin-up
trends have been observed during Type II outbursts. The
source is found to be spinning down during quiescence27.
The average spin-down rate is 1.4× 10−11 Hz s−1 (see, e.g.,
Hill et al. 2007), while the measured spin-up rate during the
giant outburst episodes is ∼ (6−12)×10−12 Hz s−1 (Camero-
Arranz et al. 2012; Sartore et al. 2015).
6.1.22. IGR J19294+1816
IGR J19294+1816 was initially discovered with Interna-
tional Gamma-Ray Astrophysics Laboratory (INTEGRAL;
Turler et al. 2009), and later recognized as a pulsating source
by Swift (Rodriguez et al. 2009a,b), with a pulsation period
of ∼ 12s. An orbital period of 117 days has been proposed,
although this remains uncertain (Corbet & Krimm 2009; Ro-
driguez et al. 2009b; Bozzo et al. 2011). The Gaia measured
distance is 2.9+2.5−1.5 kpc. However, independent measurements
of the distance report inconsistent values. A lower limit has
been estimated to be >8kpc for a B3 I optical counterpart by
Rodriguez et al. (2009a), while a distance of 11kpc was in-
ferred by Rodes-Roca et al. (2018) for a B1 Ve counterpart.
Inspection of the GBM data28 reveals a secular spin-down
trend with ν˙ ∼ −2× 10−12 Hz s−1, interrupted by local spin-
up episodes accompanying accretion during outbursts, with
an average spin-up of about ν˙ ∼ 2.5× 10−11 Hz s−1. GBM
observations support the ∼117 days periodicity. According
to the most recent observations by GBM and XMM (Domcek
et al. 2019), the source still exhibits a long-term spin-down
trend, with Type I outbursts at each periastron passage.
6.1.23. GX 304-1
27 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
a0535.html
28 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
igrj19294.html
Pulsations with a period of ∼ 272s from GX 304-1 were
discovered with SAS-3 in 1978 (McClintock et al. 1977b).
The orbital period is about 132days, and the optical com-
panion has been identified as a B2 Vne type star. The dis-
tance measured by Gaia to the companion, was found to be
2.01+0.15−0.13 kpc, in agreement with a previously measured dis-
tance of 2.5kpc (Mason et al. 1978; Parkes et al. 1980). The
source typically shows both Type I and II outbursts, as well
as long (∼yr) quiescent periods. According to GBM observa-
tions29, the source shows accretion-driven spin-up episodes
at a rate of about ν˙ ∼ 1× 10−12 Hz s−1 during active peri-
ods and long-term spin-up trends at an average rate of about
ν˙ ∼ 1.3× 10−13 Hz s−1. A spin-down rate between outbursts
of ν˙ ∼ −5× 10−14 Hz s−1 (Malacaria et al. 2015; Sugizaki
et al. 2015) has also been observed in the data. Recently,
the source has entered a new period of quiescence, proba-
bly due to major disruptions of the Be disk following a Type
II outburst, showing only sporadic X-ray activity (Malacaria
et al. 2017).
6.1.24. RX J0440.9+4431
Pulsations with a period of 202s from RX J0440.9+4431
were discovered with RXTE (Reig & Roche 1999). The
binary orbital period is 150days (Ferrigno et al. 2013, and
references therein), and the optical companion is a B0.2 Ve
star with a Gaia measured distance of 3.2+0.7−0.5 kpc, consis-
tent with previous measurements of ∼ 3.3kpc (Reig et al.
2005). Only Type I outbursts have been observed from
this source, the first and brightest of which was detected in
2010 (Usui et al. 2012), exhibiting a spin-up rate of about
ν˙ ∼ 4.5× 10−12 Hz s−1 in GBM30. A strong, long-term spin-
down trend has also been observed between the first pulsa-
tions discovered from the source in 1999 (≈ 206s) and the
outburst analyzed 12yr later. Pulsation periods from the lat-
ter were measured at≈ 202s, resulting in a spin-down rate of
about ν˙ = −3×10−12 Hz s−1 (Ferrigno et al. 2013).
6.1.25. XTE J1946+274
Pulsations with a period of ∼ 15s were first detected from
XTE J1946+274 by RXTE (Smith et al. 1998). The orbital
period is about 169days (Wilson et al. 2003), and the opti-
cal companion is a B0-1 IV-Ve star with a measured Gaia
distance of 12.6+3.9−2.9 kpc, consistent with previous measure-
ments of 8 − 10kpc (Verrecchia et al. 2002; Wilson et al.
2003; Riquelme et al. 2012). A number of Type I and II
outbursts have been observed from this source, as well as
29 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
gx304m1.html
30 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
rxj0440.html.
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long quiescent periods31. During accretion, the source shows
strong spin-up at an average rate of ν˙ ∼ (5−10)×10−12 Hz s−1
(Wilson et al. 2003; Doroshenko et al. 2017). During qui-
escent periods, the source spins-down with a rate of about
ν˙ = −2.3×10−13 Hz s−1 over a long-term trend. Recently, the
source has shown another bright outburst episode, monitored
with GBM and NICER (Jenke et al. 2018a). Analysis of these
data is ongoing (Mailyan B. et al. 2020, in preparation).
6.1.26. 2S 1845–024
Pulsations from 2S 1845–024 (GS 1843–024) were dis-
covered with Ginga with a spin period of ∼ 30s (Makino &
GINGA Team 1988a). The orbital period is about 242days
(Zhang et al. 1996; Finger et al. 1999). No optical counter-
part is currently known for this system. However, based on
the Corbet diagram and the regularity of the observed out-
bursts, this source has been identified as a BeXRB. No Gaia
measurement of the distance is available for this source in
the DR2, but an inferred distance of ∼ 10kpc has been ob-
tained from the analysis of the X-ray spectral properties of
the source (Koyama et al. 1990). No Type II outbursts have
been observed from this source. A secular spin-up trend has
been measured with BATSE during the first ∼ 5.5yr after its
discovery. It results from fast local spin-up occurring dur-
ing outburst episodes. This was found to occur at a rate
of ν˙ ∼ 4× 10−12 Hz s−1, which yielded a long-term spin-up
trend with a rate of ν˙ ∼ 2.7×10−13 Hz s−1 (Finger et al. 1999).
More recently, the source has inverted its long-term trend and
has now been in a spin-down phase for around 10yr.32 The
strength of the local spin-up episodes associated with out-
bursting episodes (ν˙ ∼ 3.5× 10−12 Hz s−1), as well as that of
the long-term spin-down trends (ν˙ ∼ −2.4×10−13 Hz s−1), is
similar to the strength of those preceding the torque rever-
sal. A comprehensive spin history for this source is shown
in Fig. 3. An estimation of the torque reversal time can be
inferred assuming that the long-term linear trends seen sep-
arately for BATSE data up to 51560 MJD and after 56154
MJD for GBM data,can be extrapolated to periods where nei-
ther BATSE nor GBM data were available. This returns a
torque reversal time of 53053± 250 MJD, where the uncer-
tainty is derived by extrapolating the two separate linear fits
within the uncertainty of their parameters.
6.1.27. GRO J1008–57
Pulsations from GRO J1008–57 were discovered by
CGRO during an X-ray outburst in 1993 (Stollberg et al.
1993). The NS has a spin period of about 93.5s, while the
31 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
xtej1946.html
32 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
2s1845.html
binary orbital period is ∼ 248days (Levine & Corbet 2006;
Coe et al. 2007; Kühnel et al. 2013). The optical counterpart
is a either a dwarf (luminosity class III) or a supergiant (V)
O9e-B1e type star (Coe et al. 1994a). There is no available
Gaia distance for this source, but Riquelme et al. (2012)
estimates the system to be at a distance of either 9.7 or
5.8kpc, according to the luminosity type of the companion
star. As with GX 1+ 4 (see Sect. 6.2.8) and A0535+26 (see
Sect. 6.1.21), the source exhibits a secular spin-down trend
interrupted by brief spin-up episodes correlated with bright
flux levels, typical of Type II outbursts33. The spin-up rate
observed during the 2012 giant outburst is 6× 10−12 Hz s−1,
while the secular spin-down rate is about −2.3×10−14 Hz s−1,
induced by the propeller accretion mechanism in that regime
(Kühnel et al. 2013). The source typically undergoes an
outburst at each periastron passage, with recent activity char-
acterized by peculiar outburst light curves with 2 − 3 peaks
and a peak luminosity of several times 1037 erg s−1 (Naka-
jima et al. 2014; Kühnel et al. 2017). Applying the orbital
solution found for this source by Kühnel et al. (2013) still
shows orbital signatures in GBM data, and we therefore do
not consider its pulse frequency history as demodulated.
6.1.28. Cep X-4
Pulsations from Cep X-4 at ∼ 66s were first detected with
Ginga (Makino & GINGA Team 1988b). Only a handful
of outbursts with a relatively low luminosity have been ob-
served from this source; thus, the orbital elements for this
binary system are still unknown. However, a possible orbital
period of about 21days has been suggested by Wilson et al.
(1999) and McBride et al. (2007). The optical counterpart
has been identified as a possible B1-2 Ve star (Bonnet-Bidaud
& Mouchet 1998). The same authors have tentatively esti-
mated a distance to the source of about 4kpc, but this value
has been challenged by Riquelme et al. (2012) who proposed
a distance of either 7.9 or 5.9kpc according to whether the
stellar type of the companion is a B1 or B2 star, respec-
tively. The distance of 4kpc also does not agree with the
measured Gaia distance of 10.2+2.2−1.6 kpc. Between 1993 and
1997, Wilson et al. (1999) used BATSE data to measure an
average spin-down rate of ν˙ ∼ −4× 10−14 Hz s−1. Spin-up
has also been observed during accretion episodes at a rate
of ∼ 10−12 Hz s−1. At the time of writing, the source is still
showing a general spin-down trend34.
6.1.29. IGR J18179–1621
Pulsations from IGR J18179–1621 were discovered by
Swift with a spin period of about 12s (Halpern 2012). This
33 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
groj1008.html
34 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
cepx4.html
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Figure 3. The spin history of the BeXRB 2S 1845–024 as observed by BATSE (blue) and GBM (green). Errors are smaller than data points.
Two separated linear fits are shown as straight lines for the BATSE (blue) and GBM (green) data. The estimated torque time is inferred from
the intersection of the linear fit lines, 53053± 250 MJD (see Sect. 6.1.26). The grea shaded area marks the period where neither BATSE nor
GBM data are available.
was later confirmed by Fermi/GBM (Finger & Wilson-Hodge
2012) detections of its pulsations35. The only activity re-
ported from this source is the same that led to its discovery
in 2012, when the source slightly brightened and became de-
tectable by INTEGRAL and other X-ray satellites (see Bozzo
et al. 2012, and references therein). The nature of the opti-
cal companion is uncertain, but the analysis of the spectral
characteristics of the source along with the presence of pulsa-
tions suggest that it belongs to the class of HMXBs/BeXRBs
(Nowak et al. 2012; Tuerler et al. 2012). There is no mea-
sured Gaia distance for this source in the DR2, but a value of
8.0+2.0−7.0 kpc was found by Nowak et al. (2012).
6.1.30. MAXI J1409–619
Pulsations from MAXI J1409–619 were discovered by
Swift, with an NS spin period of about 500s (Kennea et al.
2010) and later confirmed by GBM (Camero-Arranz et al.
2010b), which also detected a spin-up during a follow-up ob-
servation, as the source re-brightened a few weeks after its
discovery. In the GBM data36, the frequency increased at
a rate of 1.6× 10−11 Hz s−1 during the outburst observed in
2010 December. Only a handful of observations have been
carried out for this source immediately following its discov-
35 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
igrj18179.html
36 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
maxij1409.html
ery. Consequently, very little is known about it. Given the
shape of its light curve, the characteristics of its X-ray spec-
trum, its location close to the Galactic plane, and its vicin-
ity of an infrared counterpart (2MASS 14080271–6159020),
MAXI J1409–619 has been suggested to be an SFXT can-
didate (Kennea et al. 2010). There is no Gaia counterpart
consistent with the X-ray source position as measured by
Swift/XRT, but the distance to this source has been measured
by Orlandini et al. (2012) as 14.5kpc. After the last GBM
observation in 2010 December, the source has remained in a
state of quiescence.
6.1.31. XTE J1858+034
Pulsations at a spin period of about 221s from XTE
J1858+034 were discovered by RXTE (Remillard et al.
1998; Takeshima et al. 1998). The source was discovered
during one of only a few recorded outburst episodes (see also
Molkov et al. 2004), the last one being recorded by GBM in
201037 (Krimm et al. 2010). The orbital period of the binary
is currently unknown, and the spectral type of the companion
is still uncertain, but there are indications that it is a Be-type
star (Reig et al. 2004a, 2005). The closest counterpart mea-
sured by Gaia is located at an angular offset 3.5′′ from the
nominal source position, at a distance of 1.55+0.28−0.21 kpc. There
are no other available counterparts for this source. The spin-
37 https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
xtej1858.html
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up measured by GBM (uncorrected for binary modulation)
during the 2010 accretion episode is about 1×10−11 Hz s−1.
6.2. Persistent binary systems
6.2.1. 4U 1626–67
4U 1626–67 is an LMXB discovered by Uhuru in 1977
(Giacconi et al. 1972). The NS spins with a period of 7.66s
while orbiting its companion star, KZ TrA, in only 42minutes
(Middleditch et al. 1981; Chakrabarty 1998). The optical
companion is a very low-mass star (<0.1M; McClintock
et al. 1977a, 1980). The Gaia measured distance to the star
is 3.5+2.3−1.3 kpc, consistent with more recent measurements of
3.5+0.2−0.3 kpc by Schulz et al. (2019). Since its discovery, the
source has shown two major torque reversal episodes. The
first was estimated to happen in 1990 (Wilson et al. 1993;
Bildsten et al. 1994) when the source switched from a steady
spin-up trend, with a rate of ν˙ = 8.5× 10−13 Hz s−1 that was
observed for over a decade, to a∼ 7yr long steady spin-down
trend, with a rate of ν˙ = −3.5× 10−13 Hz s−1 (Chakrabarty
et al. 1997). The second torque reversal episode was ob-
served by GBM38 and Swift/BAT in 2008, when the source
started a new spin-up trend. As of 2019 November, the
source is still spinning up, with a mean rate of ν˙ = 4×
10−13 Hz s−1 (Camero-Arranz et al. 2010a).
6.2.2. Her X-1
Her X-1 was discovered by Uhuru in 1971 (Tananbaum
et al. 1972). It is an eclipsing LMXB and one of the most
studied accreting X-ray pulsars. The NS spin period is about
1.2s, while the orbital period is∼ 1.7days. The optical com-
panion is an A7-type star (Reynolds et al. 1997), with a Gaia
measured distance of 5.0+0.8−0.6 kpc, consistent with previous
measurements of 6.1+0.9−0.4 kpc (Leahy & Abdallah 2014). The
system exhibits super-orbital X-ray modulation with a pe-
riod of ∼ 35days, most likely driven by a precessing warped
accretion disk (see Scott et al. 2000; Leahy & Igna 2010;
Kotze & Charles 2012 and references therein) or by a pre-
cessing NS (Postnov et al. 2013). The general trend of the
pulse period evolution is that of spin-up at an average rate of
ν˙ = 5×10−13 Hz s−1 (see, e.g., Klochkov et al. 2009). It occa-
sionally exhibits spin-down episodes of a moderately larger
entity, ν˙ = −7×10−12 Hz s−1 (Bildsten et al. 1997). Recently,
GBM measurements39 have shown that the spin derivative
trend has flattened around a spin frequency of 807.937mHz.
6.2.3. Cen X-3
The bright, persistent source, Cen X-3, was discovered by
the Uhuru satellite in 1971 and marks the first observation
38 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
4u1626.html
39 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
herx1.html
of this accreting X-ray pulsar (Giacconi et al. 1971). The
NS spin period is about 4.8s, and the orbital period of the
NS is ∼ 2.1days (Kelley et al. 1983b; Falanga et al. 2015) in
an almost circular orbit (e < 0.0016) around V779 Cen, an
O6-7 supergiant companion star (Krzeminski 1974; Hutch-
ings et al. 1979; Ash et al. 1999). The Gaia measured dis-
tance is 6.4+1.4−1.1 kpc, consistent with previous measurements
of 5.7± 1.5kpc (Thompson & Rothschild 2009). Optical
observations first revealed the presence of an accretion disk
around the pulsar (Tjemkes et al. 1986). X-ray monitoring
of the source later on found that the secular trend of the NS
frequency is to spin-up; although, long spin-down periods
have also been observed (Nagase 1989b). GBM observa-
tions show that typical spin-up rates are of the order of ν˙ =
3× 10−12 Hz s−1. Although the NS is accreting from a disk,
there appears to be no correlation between the spin derivative
and the observed X-ray flux in Cen X-3 (Tsunemi et al. 1996;
Raichur & Paul 2008a,b). Instead, the high, aperiodic source
variability is likely due to a radiatively warped accretion disk
(Iping & Petterson 1990) that does not reflect a real modu-
lation of the accretion rate. The most likely scenario is that
the mass transfer in this system is dominated by RLO with
wind-accretion (and wind-captured disk) contributions (Wal-
ter et al. 2015; El Mellah et al. 2019, and references therein).
Orbital decay has also been observed for this source, at an
average rate of P˙orb/Porb = −1.800(1)× 10−6 yr−1, and inter-
preted in terms of tidal interaction plus rapid mass transfer
between the NS and its massive companion (Nagase et al.
1992; Falanga et al. 2015). The long-term spin derivative is
likely due to an accretion disk moving with alternating ro-
tational direction, with a proposed periodicity in the Ginga
data of about 9yr (Tsunemi et al. 1996). However, the
combined BATSE and GBM40 spin frequency and pulsed
flux history for this source reveal a more complex behav-
ior and show alternating long-term spin-down and spin-up
trends with random-walk variations superimposed (de Kool
& Anzer 1993).
6.2.4. 4U 1538–52
Pulsations from 4U 1538–52 were first discovered in 1976
by the Ariel 5 mission, which revealed a spin period of 530s
(Davison et al. 1977). The NS is in a 3.7day, slightly eccen-
tric (e ∼ 0.2) orbit (Davison et al. 1977; Corbet et al. 1993;
Clark 2000). The supergiant companion is a B0e-type star,
called QV Nor (Parkes et al. 1978). The Gaia measured dis-
tance is 6.6+2.2−1.5 kpc, consistent with a previous measurement
of 5.8+2.0−1.9 kpc by Güver et al. (2010). Early observations of
this source show a long-term spin-down trend with random
short-term variations (Makishima et al. 1987; Nagase 1989a),
40 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
cenx3.html
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while later observations find a reverse of the general long-
term trend, probably happening in 1988. The average spin-up
rate of ν˙ = 1.8×10−14 Hz s−1, is of the same order of magni-
tude as the previous spin-down period (Rubin et al. 1997).
This spin-up period went on at least until 2006 (Baykal et al.
2006). As of 2019 November, GBM41 has been observing
the source in a new spin-down trend since the beginning of
its operations in 2008. The binary source also shows hints of
orbital decay, P˙orb/Porb = (0.4±1.8)×10−6 yr−1 (Baykal et al.
2006), similar to the value observed in other X-ray binaries,
yet consistent with a null value.
6.2.5. Vela X-1
X-ray pulsations from Vela X-1 were discovered by the
SAS-3 satellite in 1975 (McClintock et al. 1977a), revealing
a spin period of about 283s. The X-ray source is eclipsing,
with an orbital period of ∼ 8.9days (Falanga et al. 2015, and
references therein). The orbit is almost circular (e ∼ 0.09)
around HD77581, a B0.5Ia, supergiant (Brucato & Kristian
1972; Hiltner et al. 1972; van Kerkwijk et al. 1995). The Gaia
measured distance of 2.42+0.19−0.17 kpc is consistent with previous
measurements of 2.0±0.2kpc (Giménez-García et al. 2016,
and references therein). The ellipsoidal variation of the op-
tical light curve of the stellar companion suggests the star
is distorted due to the tidal forces from the NS (Koenigs-
berger et al. 2012, and references therein). The NS is be-
lieved to be wind-fed as the evolution of the spin frequency
does not show any steady long-term trend, but is instead ob-
served to take a random-walk path (Deeter et al. 1989; de
Kool & Anzer 1993). However, the geometrical configura-
tion of the binary system is such that a more complex phe-
nomenology needs to be taken into account. Both simu-
lated and observational studies (see, e.g., Blondin et al. 1991;
Kaper et al. 1994; Sidoli et al. 2015; Malacaria et al. 2016)
have shown that three different structures are present in the
binary: a photoionization wake due to the Strömgren sphere
around the NS, a tidal stream due to the almost filled Roche
lobe of the donor, and a turbulent accretion wake in which
transient accretion disks with alternating directions of rota-
tion form around the NS (see also Fryxell & Taam 1988;
Blondin & Raymer 2012). Recent works also show that
wind-captured transient disks can form in the ambient wind
of Vela X-1 (see, e.g., El Mellah et al. 2019). Those transient
accretion disks are thought to be responsible for the sparse
spin-up/spin-down episodes observed by GBM at random
epochs42. The spin-up rate observed during such episodes
is of the order of ν˙ = 1 − 2× 10−13 Hz s−1, with milder rates
41 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
4u1538.html
42 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
velax1.html
for spin-down episodes, ν˙ = −2× 10−14 Hz s−1. With a mag-
netic field of 2.6× 1012 G (Fürst et al. 2014, and references
therein) and an average luminosity of 5× 1036 erg s−1, and
using Πsu = 8 from Shakura et al. (2014), the quasi-spherical
settling accretion model (Eq. 13) predicts a spin-up value of
ν˙ = 3×10−14 Hz s−1, a factor of∼4 weaker than what was ac-
tually observed. On the other hand, the spin-up rate expected
by accretion-disk theory (see Eq. 21) is ∼ 1.4×10−12 Hz s−1,
almost an order of magnitude faster than the observed one.
Up to now, no clear correlation has been reported between
the observed spin derivative episodes and the X-ray luminos-
ity for this source.
6.2.6. OAO 1657–415
Pulsations from OAO 1657–415 were discovered by
HEAO-1 with a spin period of about 38s (White & Pravdo
1979). The orbital period is 10.4days, with an eclipse oc-
curring for 1.7days (Chakrabarty et al. 1993). Accretion
onto the NS is fed by an optical companion that is cur-
rently believed to be in a transitional stage between an OB
and Wolf Rayet star, of the spectral type Ofpe/WN9 (Ma-
son et al. 2009). The closest counterpart measured by Gaia
is located at an angular offset of 4′′.7 from the nominal
source position, at a distance of 2.2+0.7−0.5 kpc. However, pre-
vious measurements locate the system at a distance of about
4.4 − 12kpc (Chakrabarty et al. 2002; Mason et al. 2009),
consistent with the measurement of 7.1±1.3kpc by Audley
et al. (2006). The pulsar exhibits a secular spin-up trend at
an average rate of ν˙ ∼ 8.5×10−13 Hz s−1, superimposed with
several spin-up/spin-down episodes throughout its long his-
tory of observation. Analysis using BATSE and GBM43 data
allowed Jenke et al. (2012) to establish two different modes
of accretion: one resulting from transient, disk-driven accre-
tion that leads to steady spin-up periods correlated with flux
(see also Baykal 1997), while the other results from wind-
driven accretion, in which the NS spins-down at a (slower)
rate that is uncorrelated with flux. Recently, a “magnetic lev-
itating disk” scenario has been proposed to explain the spin
evolution in OAO 1657–415 (Kim & Ikhsanov 2017).
6.2.7. GX 301-2
GX 301-2 pulsations at ∼ 680s were discovered by Ariel
5 in 1976 (White et al. 1976). The NS is in an eccentric
(e ∼ 0.5), 41.5day orbit (Sato et al. 1986) around Wray 77,
a hyper-giant, B1 Ia+ star (Vidal 1973; Parkes et al. 1980;
Kaper et al. 1995). The measured Gaia distance is 3.1+0.6−0.5 kpc,
consistent with a previously estimated distance of 3.1kpc
(Hammerschlag-Hensberge et al. 1979; Kaper et al. 2006).
GX 301-2 is a near-equilibrium rotator; thus, its net spin
43 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
oao1657.html
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derivative is equal to zero. The secular spin period evolu-
tion is generally smooth and consistent with a random-walk
evolution (de Kool & Anzer 1993). However, the source
has shown rapid (ν˙ = (3 − 5)× 10−12 Hz s−1) and prolonged
(∼ 30days) spin-up episodes (Koh et al. 1997), probably in-
dicating the formation of a transient accretion disk.
Recently, GBM44 observed another similar episode over a
longer period (∼ 40days), which was also stronger (ν˙ ≈ 6×
10−12 Hz s−1) than was previously observed (Nabizadeh et al.
2019; Abarr et al. 2020; Malacaria C. et al. in preparation),
during which NuSTAR measured an unabsorbed luminosity
of ∼ 1.5×1037 erg s−1 at a corresponding spin-up rate of ν˙ ≈
3.6×10−13 Hz s−1 as measured by GBM around the NuSTAR
observation. This is a factor of three lower than the spin-
up rate predicted by Eq. 13 of ∼ 1.1× 10−12 Hz s−1. On the
other hand, the spin-up rate predicted by the accretion-disk
theory (see Eq. 21), assuming a magnetic field of 4×1012 G
(Kreykenbohm et al. 2004), is ∼ 4× 10−12 Hz s−1, about an
order of magnitude stronger than the observed rate, but in
agreement with the rate observed during the initial phase of
the spin-up episode.
6.2.8. GX 1+4
GX 1+4 is an LMXB discovered by a balloon X-ray obser-
vation in 1970 (Lewin et al. 1971), with an NS spin period
of ∼2minutes (Lewin et al. 1971). The orbital period is not
yet well known. Old studies have reported periodic signals
every 304days in the optical band (e.g., Cutler et al. 1986)
or at 1161days in the X-ray band (e.g., Hinkle et al. 2006).
However, RXTE data from GX 1 + 4 does not show modu-
lation at any of these proposed periods (Corbet et al. 2008).
The donor companion is V2116 Oph. (Glass & Feast 1973),
a type M6III red-giant star that under-fills its Roche-Lobe
(Chakrabarty & Roche 1997; Hinkle et al. 2006). There-
fore, it is assumed that the NS is wind-fed by the compan-
ion, making it part of the so-called symbiotic X-ray Binaries
(SyXBs; Corbet et al. 2008; Yungelson et al. 2019). Differ-
ent attempts have been made to determine the distance to the
source (see, e.g., González-Galán et al. 2012 and references
therein), but it still remains poorly constrained. The Gaia
measured distance to the source is 7.5+4.3−2.8 kpc. Ten years fol-
lowing its discovery, the source was spinning up strongly at
an average rate of ν˙ = 6.0× 10−12 Hz s−1 (Doty et al. 1981;
Warwick et al. 1981; White et al. 1983). No observations
were recorded from 1980 and 1983, as EXOSAT did not de-
tect the source, indicating that the flux had decreased below
the sensitivity of the instrument. The source reappeared in
1987 in observations by Ginga with a lower luminosity and
exhibiting a torque reversal with an average spin-down rate
44 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
gx301m2.html
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Figure 4. The spin period distribution of all GBM detected
BeXRBs in the Milky Way.
of ν˙ = −3.7× 10−12 Hz s−1 (Makishima et al. 1988; Nagase
1989a). With a magnetic field of 3.7×1012 G (Ferrigno et al.
2007), and assuming an average luminosity of 4×1036 erg s−1
(see González-Galán et al. 2012, and references therein),
the quasi-spherical settling accretion model (Eq. 12) pre-
dicts a comparable spin-down value, ν˙ = −1.5×10−12 Hz s−1.
GBM45 observations show the source to still be undergo-
ing a general spin-down trend, with occasional brief spin-up
episodes corresponding to bright flux levels.
7. DISCUSSION
The (almost) all-sky, continuous, long-term coverage of
GBM provides fresh data that helps improve the analysis of
accreting X-ray pulsars, providing enough statistics for in-
teresting population studies. Examples of this are shown in
Figures 4 and5.
7.1. Bimodal spin period distribution
Knigge et al. (2011) showed that the Ps −−Porb distribution
in BeXRBs is bimodal. While the bimodality of Porb is only
marginal, the distribution of Ps has a clear gap at around 40s
and two distinct distributions peaking at ∼ 10s and ∼ 200s,
respectively. Those authors proposed that the two distinct
subpopulations are created by the type of supernovae, that
was the progenitor for the formation of the NS. One is an
electron-capture supernovae (ECS), which would produce
NSs with shorter spin periods on average, while iron core-
collapse supernovae (CCS) would produce NSs with longer
spin periods. Other explanations of the bimodality have also
been described in previous studies. Cheng et al. (2014) pro-
posed that the bimodal distribution is the result of two differ-
ent accretion modes: (1) advection-dominated accretion flow
(ADAF) disks, which are more likely to form during a Type
I outburst, or (2) thin accretion disks formed during a Type
45 https://gammaray.msfc.nasa.gov/gbm/science/pulsars/lightcurves/
gx1p4.html
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II outbursts. The ADAF disk is inefficient to spin-up the NS;
thus, BeXRBs experiencing more Type I outbursts will pro-
duce NSs with longer spin periods. The thin disks produced
as a result of Type- I outbursts are more efficient in trans-
ferring angular momentum, and thus, BeXRBs dominated by
this mechanism will spin-up the NS to the shorter spin period
subpopulation.
While those authors analyzed the cumulative population
of BeXRBs (Milky Way, LMC, and SMC), it is of interest
to test the bimodality for the Galaxy alone. GBM allowed
us to constrain the ephemerides for a large number of such
transients over the last decade, allowing us to probe the spin
period distribution of BeXRBs in the Galaxy. This is shown
in Fig. 4, which shows two distinct distributions peaking at
∼10s and ∼ 200s with a clear gap at ∼ 40s, confirming the
findings of Knigge et al. (2011).
7.2. Accretion-driven torques
We analyzed the relationship between the spin-up strength
and the observed luminosity for all of the GBM XRP tran-
sient sources. As a measure of the spin-up strength, we
calculated the peak luminosity of the brightest outburst ever
recorded over GBM lifetime for a given source and compared
it with the corresponding maximum spin period derivative
calculated over the same outburst. This allows us to study
the dependence of these two parameters according to the
Ghosh–Lamb (GL) model expressed by Equation (10). For a
meaningful comparison of the torque strength as a function of
the luminosity, we considered the bolometric (0.1−200keV)
luminosity inferred for each source as described in the Ap-
pendix A.
Our results are shown in Fig. 5, together with theoretical
predictions from Eq. 10. The figure clearly shows a corre-
lation, where the behavior of the measured sources mostly
follows the predictions from the GL model. The model pre-
dicts different spin equilibrium values, n(ωs) = 0, for different
magnetic field strengths. The spin equilibrium is character-
ized by a cuspid in the GL function and discriminates be-
tween the fast rotator regime (ωs > 1, to the left side of the
cuspid) where the source is spinning down, and the slow ro-
tator regime (ωs < 1, to the right side of the cuspid) where
the source is spinning up. Deviations of up to a factor of
three have been highlighted by Sugizaki et al. (2017) be-
tween observations of spin-up rates and predictions from the
GL model. However, the observed deviations were most
likely ascribed to the uncertainty in the involved parameters,
in particular the distance, d. Thanks to the Gaia DR2 (see
Appendix B), we have been able to sensibly reduce the un-
certainty on this parameter and compare the model predic-
tions with the most precise data currently available. An ex-
ample of how improved distances help with our understand-
ing of source behavior,is especially pertinent to sources like
V 0332+53 (X 0331+53). Sugizaki et al. (2017) find that
the deviation of this source from theoretical predictions is
anomalously high, concluding that its behavior is due to an
overestimate of the source distance. An improved distance
obtained by Gaia (5.1+1.1−0.8 kpc) was able to better constrain
the source’s behavior. Although marginal deviation is still
present between observations and the torque model, the dif-
ference is significant only at the 1σ c.l. While the the ma-
jority of the Gaia distances in this paper are consistent with
previous measurements, there are some sources in this work
that are inconsistent with distance values estimated through
other methods, e.g., by adopting the luminosity dependence
of the spin-up rate (see Equation (10)). Such a discrepancy
is likely due to a combination of factors, including the uncer-
tainty in the physical mechanisms driving the spin evolution
of accreting NSs, the poorly constrained parameters of Equa-
tion (10), and the limited range over which Gaia can mea-
sure distances. The latter implies that more reliable distances
can be obtained for measured parallaxes that are smaller than
their uncertainties, i.e. usually below ∼ 5kpc (Bailer-Jones
et al. 2018; Luri et al. 2018).
Even considering the Gaia measured distances, a few
sources still show considerable deviations from the GL
model. Some of these have unknown or poorly known or-
bital solutions, namely GS 0834–430, IGR J19294+1816,
RX J0440.9+4431, XTE J1858+034, IGR J18179–1621,
MAXI J1409–619, GRO J1008–57 and GRO J2058+42. Part
of the deviation is due to the lack of a timing solution; al-
though, a few binary systems with known orbital solutions
have also been observed to deviate from the GL model pre-
dictions, e.g., 4U 0115+634 and 2S 1417–624. Recently, Ji
et al. (2019) analyzed a 2018 outburst from 2S 1417-624 that
employed a standard GL model to account for the spin-up
shown by the source during the accretion episode. However,
they had to use a coupling parameter value of k ∼ 0.3 and
a distance of 20kpc in order to achieve a good fit. We find
that a standard value of the coupling constant (k ∼ 0.5) and
a measured Gaia distance of ∼ 10kpc is unable to account
for the observed spin-up from that outburst (see Figure 5), in
agreement with findings from Ji et al. (2019).
7.3. Improvement/Finding of orbital solutions
Following the technique described in Sect. 4, we derived
or updated ephemerides for a selected sample of sources:
4U 0115+63, 4U 1901+03, and 2S 1553–542. To separate
the pulsar emission from the background, good CTIME data
are represented by Fourier components while a background
model is fit to the data and then subtracted. The background
model includes bright known sources, the variation in the de-
tector responses, the Earth occultation steps, and a remaining
long-term background contribution. Details on this proce-
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Figure 5. Distribution of the maximum spin period derivative (absolute value) against the maximum peak bolometric luminosity normalized
to the source spin period (PL3/737 ) for all GBM transient sources. The turquoise, orange, and green continuous lines correspond to the GL
model (Eq. 10) for different magnetic field values, i.e. 5× 1011, 2× 1012 and 1013 G, respectively (all assuming a coupling factor of k = 0.5).
Model cuspids mark the value of the dimensionless parameter n(ωs) = 0. Despite the lack of an orbital solution, the following sources have
been included in the plot: MXB 0656–072, GS 0834–430, IGR J19294+1816, RX J0440.9+4431, Cep X-4, XTE J1858+034, GRO J1008–57,
IGR J18179–1621, MAXI J1409–619, and GRO J2058+42.
dure are described in Finger et al. (1999), Camero-Arranz
et al. (2010a), and Jenke et al. (2012b).
The observed times are barycentered using the JPL Plan-
etary ephemeris DE200 catalog (Standish 1990). The
Barycentric Dynamical Time (TDB) are modulated by the
binary orbital motion of the emitting pulsar, tem = T DB−−z,
and the binary orbital parameters can be constrained by fit-
ting the TDB times to Equation (14) (starting from an ap-
proximate, previously known solution). Orbital fits were
obtained for two HMXBs due to their X-ray duty cycle.
Best-fit orbital elements for those sources are presented in
Table 1.
8. SUMMARY
We have summarized more than 10yr of Fermi/GBM ac-
creting X-ray pulsars observations as part of the GBM Ac-
creting Pulsars Program (GAPP). Detailed inspection of the
spin history of accreting XRPs unveils a plethora of differ-
ences, highlighting the importance of continuous, wide-field
monitoring observations. We showed how GBM observa-
tions are vital in addressing decade-long behaviors, such as
long-term cycles in the Be disks (e.g., in EXO 2030+375)
and torque reversals (e.g., in 2S 1845–024). Adherence of
accretion-driven torques to the GL model for all GBM de-
tected transient systems, as well as quasi-spherical accretion
torques model predictions for a subsample of wind-accreting
systems, have been tested, aided by updated source distances
from Gaia DR2. This has allowed us to test the model predic-
tions and to cross-check independent distance determinations
(e.g., 2S 1417–624). Finally, we obtained new/updated or-
bital solutions for three accreting XRPs. Our results demon-
strate the capabilities of GBM as an excellent instrument for
monitoring accreting X-ray pulsars and its important scien-
tific contribution to this field.
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APPENDIX
A. THE BOLOMETRIC LUMINOSITY
The GL model provides the spin/torque occurring on a source that accretes matter producing a certain luminosity. The lumi-
nosity considered in that model is a bolometric quantity in the X-ray domain, i.e. over the entire 0.1 − 200keV energy band.
However, it is rare that spectral data can offer such a wide energy coverage. Even so, the spectral energy distribution of accreting
X-ray pulsars is rapidly folding beyond ∼ 20keV, and the flux measurement becomes progressively more uncertain at higher
energies. Therefore, a different approach in deriving the luminosity at energies that differ from the band covered by the observing
instrument must be taken.
A common approach is to evaluate the spectral model over a given energy range and then extend the it to cover the 0.1−200keV
energy range. This approach assumes that the inferred spectral model shows no variations with respect to the model that was
originally fit to the actual data. This is not always true, since additional spectral components sometimes emerge at different
energies or luminosity states. However, the spectrum between 1 and 20keV is thought to be the most representative because
it is sufficient to characterize the cutoff power-law component, the column density absorption, and, possibly, an additional soft
component (e.g., the blackbody component coming from the accretion disk).
In this work, we followed the same strategy. For each source, we first considered the best-fit models in the 1− 20keV found
in literature (see Table 1), describing the source spectrum at the highest observed luminosity. Successively, the model was
extended to the bolometric energy band through the employment of a dummy response using XSPEC46. We are aware that
this procedure introduces systematic uncertainty in the peak luminosity derivation, due to the possible emergence of additional
spectral components at energies beyond the interval in which the best-fit model is calculated. However, the estimated uncertainty
in the flux derivation from this procedure is 15% (see also Coti Zelati et al. 2018). This is a relatively low value when compared
with the uncertainty in the luminosity calculation derived from the high uncertainty on the source distance that still holds for
some sources.
B. THE GAIA DISTANCES
On 2018 April 25, the Gaia Data Release 2 (DR2) was made available (Gaia Collaboration et al. 2018). Soon after, an online
catalog47 was also made available by the Gaia team to list the distances for a large number of sources, based on the priors
employed by Bailer-Jones et al. (2018). To derive the most updated available distances for the sources in Table 1, we adopted the
following procedure:
1. Query the “Single Source Search” catalog for the source name as reported in Table 1 (This catalog is based on the SIMBAD
astronomical database (Wenger et al. 2000)).
2. Retrieve the corresponding Gaia ID. Only Gaia DR2 IDs have been used in this work (unless otherwise stated).
3. Query the Table Access Protocol (TAP) for the distance of the correspondent Gaia ID, as recommended in Section 4 of
Bailer-Jones et al. (2018).
We report the angular offset between the closest Gaia counterpart and each source nominal position when the offset is larger
than 3′′.5 (the typical systematic error for Swift/XRT positions48).
46 The dummyrsp tool, https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node94.html.
47 http://gaia.ari.uni-heidelberg.de/tap.html
48 https://www.swift.ac.uk/analysis/xrt/xrtcentroid.php
